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Photoexcited electron and hole (e-h) systems in semiconductors exhibit various phases depending on the
temperature and density. At low density region, an electron and a hole form a bound state like a hydrogen
atom, which is referred to as an exciton. Because excitons are approximately recognized as the composite bosons,
Bose Einstein condensation (BEC) of exciton has been expected at low temperature. The critical temperature
of BEC depends on the mass of particle, degeneracy factor, and the density of particle. With lighter mass, lower
degeneracy, and higher density, higher critical temperature will be achieved. Because of their light center of
masses, the exciton BEC is expected to be realized at the critical temperature about three orders of magnitude
higher than the hydrogen atom under the same density. Because excitons are photoexcited quasi-particles
composed of electrons and holes, they nally recombine to the ground state, radiatively or non-radiatively. In
order to realize such a macroscopic quantum condensate, it is very important that the excitons can cool down
below the critical temperature of BEC after the photoexcitation within their lifetime. Excitons in Si and Ge
have lifetime longer than 1 s due to the indirect gap nature. From this merit, we have paid attention to Si
and Ge as candidate systems for the exciton BEC. However, in the case of indirect gap semiconductor such
as Si or Ge, photoexcited carriers form a e-h droplet (EHD) at low temperature. Once this metallic EHD is
formed under the critical temperature of EHD, the excitons are absorbed into EHD. Therefore, the suppression
of EHD is crucial for the realization of the high density excitons at low temperature which is the prerequisite
for exciton BEC. Furthermore, large degeneracy of bands in Si or Ge, and therefore the degeneracy of exciton
signicantly reduces the critical temperature of the exciton BEC. We challenged to overcome these intrinsic
problem by the applying an uniaxial stress and magnetic eld. By applying the uniaxial stress stronger than
300 MPa (100 MPa), it is known that the conduction and valence band degeneracy of Si (Ge) [e,h] is reduced
from [6,2] to [2,1] (from [4,2] to [1,1]) which results in the suppression of EHD. Correspondingly, the band
degeneracy of excitons is also lifted by applying the uniaxial stress. Further, in the presence of the magnetic
eld, the spin degeneracy of excitons is lifted. In the case of excitons in Si or Ge, the spin degeneracy is lifted
by the magnetic eld higher than 3 T at 1.6 K. To elucidate the character of e-h system including excitons in
Si and Ge under such extreme conditions, we developed the optical pump and terahertz (THz) probe (OPTP)
spectroscopy scheme under the uniaxial stress and strong magnetic eld.
Magnetic eld eect and lifetime measurement of the excitons in Si ?
To increase the critical temperature of the exciton BEC by lifting the spin degeneracy, we applied the magnetic
eld. First, we studied the magnetic eld eect on the intra-exciton transitions in Si. Figure 1(a) shows the
photoluminescence (PL) spectra of the exciton in Si under the magnetic eld. Under the magnetic eld, the
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? 1: (a) PL spectra of excitons in Si under the magnetic eld at 1.6 K. TO and LO represent TO- and LO-
phonon assisted PL spectra of the 1S excitons, respectively. (b) The magnetic eld eect on the absorption of
the intra-exciton transition spectra at 1.6 K. Black dotted lines represent the decomposition of each intra-exciton
transition by Lorentzian functions. Blue lines are the sum of Lorentzian components at each magnetic eld.
(c) The energies of the intra-exciton transition as a function of the magnetic eld. The solid lines represent the
t by phenomenological function. (d) The temporal evolution of the absorption of the intra-exciton transition
under 0 and 7 T.
PL intensity of 1S exciton reduces signicantly, indicating that excitons are accumulated into the optically-
forbidden spin-triplet state under the magnetic eld. To investigate the magnetic eld dependence on the
excitons quantitatively, we observed 1S to 2P transition of the excitons by the OPTP spectroscopy as shown in
Fig. 1(b). In contrast to the PL spectroscopy, the spectral weight of the intra-exciton transition was not reduced
by the magnetic eld, as shown in Fig. 1(b). This result indicates that lowest energy spin-triplet excitons are
indeed accumulated. The magnetic eld eect of the intra-exciton transition should become non-perturbative
above 2 T where the cyclotron resonance energy exceeds the binding energy of 2P excitons. Therefore, we
introduced an empirical law which well describes the observed magnetic eld dependence of the intra-exciton
transitions, both in the perturbation regime at weak eld region and the strong eld regime (Fig. 1(c)). Also,
we studied the recombination dynamics of indirect excitons in Si under the magnetic eld. For this purpose,
we have developed an OPTP system which can measure the dynamics in a long-temporal-region from sub-
microsecond to a millisecond. The lifetime of the dark excitons was determined by this technique (Fig. 1(d)),
from which we found that the nonradiative recombination is the dominant process for the population decay of
excitons in Si.
Electron and hole system under the magnetic eld and the uniaxial stress in Si ?
To lift the band degeneracy of Si, we applied the uniaxial stress to the Si crystal. In order to perform OPTP
spectroscopy of the uniaxially-stressed Si crystal, we have developed a pressure anvil cell which can be installed
in the OPTP setup. Figure 2(a) shows the photoinduced change of the dielectric function and the optical
conductivity spectra under the uniaxial stress along <100> axis. We found that the e-h pair density inside the
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? 2: (a) Photoinduced change of the dielectric function and the optical conductivity spectra under the uniaxial
stress along <100> direction. Red (Blue) markers are the experimental result under the ambient pressure
(uniaxial stress). Solid lines represent theoretical curves calculated by the eective medium theory. (b) The
optical conductivity spectrum under 7 T at 1.6 K. The delay time of THz probe pulse to the optical pump
pulse is 4 ns. Black curve is the EHD component, red-lled curves are the intra-exciton transitions, red-dashed
curve is the additional component to reproduce spectral feature, and blue curve is the sum of all components.
(c) Evaluated density of the excitons at 1.6 K as a function of the pump power. (d) Experimental results in
the phase diagram. Red and blue circles represent maximum density of excitons under zero eld and 7 T,
respectively. Green squares are the density inside EHDs. Black arrow shows the reduction of the density inside
EHD by applying uniaxial stress and blue arrow shows the increase of the critical temperature of the exciton
BEC by applying the magnetic eld.
EHD from 31018 cm 3 at ambient pressure is reduced to 31017 cm 3 under the uniaxial stress is elucidated
through the observation of surface plasmon resonance of EHD. This result ensures that the band degeneracy
is lifted from [6,2] to [2,1]. Under such an uniaxial stress, we found that the excitons sustain at 4 ns after the
optical excitation even at low temperature below the critical temperature of EHD. This behavior is signicantly
dierent from that in the unstressed Si, where high density excitons cannot sustain at low temperature. Figure
2 (b) shows the optical conductivity spectra under 7 T at 1.6 K. We evaluated the density of the excitons by the
Lorentzian ts as shown by the lled curves. The contribution from EHD is evaluated by the eective medium
theory (black curve). The evaluated densities of the excitons under 0 T and 7 T are plotted in Fig. 2(c). Figure
2(d) plots the experimental results in the phase diagram. First, the reduction of the critical density inside the
EHD is realized by applying the uniaxial stress. Correspondingly, high density exciton density region is realized
at very low temperature inside the coexistence curve of exciton and EHD at ambient pressure.
Electron and hole system under the magnetic eld and the uniaxial stress in Ge ?
We performed the OPTP spectroscopy in the photoexcited e-h system in uniaxially-stressed Ge. By applying
the uniaxial stress, the formation of EHD was largely suppressed and the intra-exciton transition is clearly
observed at low temperature. Figures 3(a) and (b) show the magnetic eld dependence of the dielectric function
and the optical conductivity at 1.6 K spectra at 5 ns after photoexcitation, showing the intra-transition of
magnetoexcitons (FE1 and FE2) and cyclotron resonances of free carriers(Ce). To investigate the accumulation
of the magnetoexcitons at low temperature, we studied the pump power dependence. Under the strong magnetic
eld and high density excitations, we found that a large Faraday rotation is induced in the transmitted THz
pulse with the rotation angle reaching =2. In such a case, we found that the conventional relation between the
dierential transmission spectrum and the absorption spectrum breaks down. Therefore, to investigate the high
density region under the magnetic eld, we measured the Faraday rotation angle and the ellipticity spectra from
which we extracted the o-diagonal component of the dielectric function xy. Figure 3(c) shows the imaginary
part of xy under 7 T at the lattice temperature of 1.27 K. At this lattice temperature, the temperature of the
magnetoexcitons is estimated to 2.3 K. We found that the magnetoexciton structures (FE1 and FE2) sustain
at relatively high density excitation regime. From the spectral analysis of xy, we evaluated the density of the
magnetoexcitons as Fig. 3(d). We found that the magnetoexcitons of 2:8 1015 cm 3 are accumulated under
4 T at the magnetoexciton temperature of 2.3 K which is the density of the phase space density is calculated
to be 0.25.
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? 3: Magnetic eld dependence of (a) the dielectric function and (b) the optical conductivity at 1.6 K. FE1
and FE2 are the magnetoexcitons and Ce is the cyclotron resonance of the electrons. The pump power was 5.3
J/cm2 and the time delay of THz probe pulse was 5 ns. (c) The imaginary part of xy under 7 T of dierent
pump power with I0 = 5:3 J=cm
2 (d) Densities of total e-h pair (black), the free carriers (blue), and the
magnetoexcitons (red) as a function of the pump power.
Summary ?
In this study, we investigated the highly photoexcited e-h system in Si and Ge under the magnetic eld and
the uniaxial stress by developing an OPTP spectroscopy scheme that can be used in such extreme conditions.
We realized the accumulation of high density excitons at low temperature by suppressing the formation of
EHD and discussed the feasibility of exciton BEC. The realization of such high density exciton phase without
suering from EHD, in particular in Ge, is also promising for the future study of e-h BCS phase which has been
theoretically anticipated above the Mott transition density.
Reference ?
[1] J. Y. Yoo and R. Shimano, Journal of Infrared, Millimeter, and Terahertz Waves, 35, 110 (2014).
